Purpose To assess whether continuous embryo culture involves better embryological and/or clinical outcomes than sequential. Methods Prospective study at a private IVF center. All consecutive IVF cycles (September 2013(September -2015 fulfilling the inclusion criteria underwent embryo culture in either Continuous-Single-Culture-Media (CSCM, n = 972) or sequential media (Quinn's Advantage, n = 514), respectively. ICSI, blastocyst culture in either standard (MINC) or undisturbed (Embryoscope) incubation, transfer (until September 2016), and pregnancy follow-up (until September 2017) were performed. When aneuploidy testing was required, trophectoderm biopsy and qPCR were performed. Sub-analyses and logistic regression corrected for confounders were performed. The primary outcomes were overall blastocyst rate per oocyte and mean blastocyst rate per cycle. The sample size was defined to reach 95 and 80% statistical power for the former and the latter outcome, respectively. Secondary outcomes were euploidy (if assessed), cumulative delivery rates, gestational age, and birthweight. Results Continuous embryo culture resulted into a higher overall blastocyst rate per inseminated oocyte than sequential (n = 2211/5841, 37.9% vs. 1073/3216, 33.4%; p < 0.01), confirmed also from a cycle-based analysis (mean blastocyst rate: 38.7% ± 29.7% vs. 34.3% ± 29.4%; p = 0.01). The continuous media (OR = 1.23), the undisturbed incubation system (OR = 1.22), the maternal age (OR = 0.92), and the sperm factor (OR = 0.85) were outlined as positive predictors of blastulation. However, the cumulative delivery rates per ended cycle (i.e., delivery achieved or no blastocyst produced or left; > 90%) were comparable in the two groups (n = 244/903, 27.0% vs. 129/475, 27.2%). The neonatal outcomes were similar. Conclusions Continuous culture involves better embryological but similar clinical outcomes than sequential. This large prospective study supports the absence of clinical disparity among the two approaches.
Introduction
The standardization of embryo culture conditions and culture media composition has been an important concern in IVF across the last decades [1, 2] . To this regard, time-lapse incubators were introduced and provided the IVF laboratories with the possibility to implement an undisturbed culture system and limit both embryo manipulation and the systematic changes in temperature and gas concentrations [3] [4] [5] . Regarding embryo culture to blastocyst, instead, two different approaches have been theorized and adopted across the years, namely the continuous (or single step) and the sequential one, without a clear definition of superiority (if any) of one with respect to the other. The former approach involves embryo growth in a single type of media (it is based on the Blet the embryo choose^theory) with or without a refresh with a new drop of the same media at the cleavage stage, while the latter approach requires a changeover of the kind of media adopted for the first 3 days of culture with a different one, meant to better sustain embryo development to blastocyst due to the modification of its nutritional requirements (it is based on the Bback to nature^theory) [6] [7] [8] . Several kinds of culture media have been commercialized to date with different compositions, but all of them are based on either the former or the latter theory.
When compared in prospective observational or randomized controlled trials (RCTs), single-step and sequential embryo culture approaches showed conflicting results in terms of blastocyst formation and embryo morphological quality. For instance, in a study published in 2002, Macklon and colleagues reported no difference in both the blastulation rate and the ongoing pregnancy rate through continuous embryo culture, with or without refresh at the cleavage stage, with respect to sequential approach [9] . Similarly, more recently in 2013, Summers conducted a morphological assessment study of sibling zygotes cultured either in a continuous medium without changeover in day 3 or in a sequential one. Also in this case, no difference was observed in terms of blastulation rates, inner cell mass, and trophectoderm scores [10] . Conversely, some other authors highlighted a higher blastulation and morphological quality by using a continuous media rather than a sequential one [11] .
Recently, Sfontouris and colleagues performed a metaanalysis of the main studies related to this topic and concluded that a higher blastocyst rate, as well as superior morphological quality, may be achieved when a continuous culture media is used [12] . Yet, this did not result into better clinical outcomes, as supported also by the meta-analysis published by Diemant and colleagues in 2017 [12, 13] .
All the studies previously cited were performed by using a conventional incubation system. Instead, very few studies compared the two approaches in a time-lapse-based undisturbed incubation environment. The main paper has been published by Basile and colleagues in 2013, where the authors reported the absence of differences among the morphokinetic parameters up to day 3 of preimplantation development between continuous and sequential embryo culture [14] . However, they did not follow the embryo culture up to the blastocyst stage.
Similarly, very few data have been published also dealing with the definition of the euploidy rate after either continuous or sequential culture. To this regard, the main study published to date is the paired RCT by Werner and colleagues [15] , where sibling 2PN zygotes were cultured with either a continuous or a sequential approach. Here, the authors did not report any difference in terms of euploidy rate per biopsied blastocyst and euploid blastocysts' reproductive competence. However, a significantly higher euploidy rate per 2PN zygote was reported with the sequential media, mainly because of a higher blastocyst rate with respect to the single-step one.
Finally, to our knowledge, few or no data are available to date to compare the cumulative pregnancy rate per cycle and the obstetrical and perinatal outcomes among the two approaches. Nevertheless, this information is pivotal to define the safety of embryo culture performed following either the Blet the embryo choose^or the Bback to nature^theory.
In this prospective study, we aimed at assessing whether the blastocyst rate per metaphase (MII) oocyte is different among IVF cycles conducted in either a single-step (Irvine Scientific, Australia; Continuous-Single-Culture-Media, CSCM) or a sequential (Cooper Surgical Fertility Companies, USA; Quinn's Advantage Cleavage and Blastocyst media) media from both an oocyte-based and a cycle-based perspective. Part of the cycles underwent undisturbed embryo culture in a time-lapse incubator and/or preimplantation genetic testing for aneuploidies (PGT-A). This allowed us to perform some important sub-analyses and to assess the primary outcome also in different incubation conditions (undisturbed versus standard culture environment), as well as to evaluate the euploidy rate in the cycles addressed to PGT-A. The oocyte retrievals were conducted for the first 2 years of the study, then 1 year of follow-up of the related frozen embryo transfers (ETs) was included. Therefore, we could evaluate both the live birth rate per ET and the cumulative delivery rate per completed cycle for almost all the treatments performed during the study period. A further year was included for sensing both the gestational age and the birthweight of the newborns among the deliveries from the two study groups.
Materials and methods

Study design
This is a prospective study performed at a single private IVF center in Italy. All the consecutive oocyte retrievals (September 2013-September 2015) where at least one MII oocyte was obtained were included. The exclusion criteria were PGT cycles conducted for monogenic diseases (PGT-M) or structural rearrangements (PGT-SR) and cycles requiring a surgical retrieval of the sperm due to azoospermia. The allocation of the cycles into each study group was quasi-randomized: single-step embryo culture approach (Irvine CSCM) was adopted for all IVF cycles performed starting on Monday, Wednesday, Thursday, and Friday, while sequential embryo culture approach (Quinn's Advantage) was adopted for all IVF cycles performed starting on Tuesday or Saturday. The protocols, schedules, and operators involved in the clinical activity did not vary from day to day. The clinicians were blinded to the allocation among the two study groups. All frozen ETs performed up to September 2016 were included, and the pregnancies were followed up to September 2017. Blastocyst culture in either standard benchtop (MINC, Cook Medical, USA) or undisturbed incubator (Embryoscope, Vitrolife, Sweden) was conducted without any specific indication and depending on the availability of free chambers in the latter. PGT-A was conducted when indicated and/or requested from the patients, who signed an informed consent after extensive counseling. The Institutional Review Board of the clinic approved the study.
Outcome measures
The primary outcome measure was defined as the blastocyst rate per inseminated MII oocyte. The a priori sample size calculation highlighted that 8562 MII oocytes (5708 in the Irvine CSCM and 2854 in the Quinn's Advantage arm, respectively) were required to achieve a 95% statistical power (α = 0.05) in assessing down to 4% difference in the blastocyst rate per MII oocyte between the study groups. From a cycle-based perspective, by estimating an average of 6 MII oocytes per treatment, such sample size corresponded to 1427 cycles (951 in the Irvine CSCM and 476 in the Quinn's Advantage arm, respectively) and to 80% power in assessing down to 4% difference in the mean blastocyst rate per cycle between the study groups.
The secondary outcomes included all the embryological data to investigate putative disparities among the two culture strategies, from both an oocyte-based and a cycle-based perspective (e.g., overall and mean fertilization rate per cycle or overall and mean euploid blastocyst rate per PGT-A cycle). The rate of cycles without fertilized oocyte, blastocyst, and euploid blastocyst (among PGT-A cycles) produced, as well as the clinical outcomes (i.e., biochemical pregnancy rate, miscarriage rate and live birth rate per ET), were all monitored.
Two sub-analyses were performed (i) in ICSI and ICSI+ PGT-A cycles and (ii) in standard or undisturbed incubation environment.
The gestational age and the birthweight were also reported, clustered according to the WHO guidelines, and compared in the two study arms.
Finally, to assess the efficacy of the two approaches, an analysis of the cumulative delivery rate per completed cycle was performed (defined as the number of cycles with at least one live birth among all the cycles in the study, calculated by including all fresh and/or frozen blastocyst transfers until one delivery was achieved or until all embryos were used [16] ).
Laboratory procedures
After controlled ovarian stimulation (conducted as described previously [17] ), cumulus-oocyte complexes (COCs) were aspirated 36 h after ovulation induction. COCs were collected from the follicular fluid in either Irvine CSCM or Quinn's Advantage fertilization medium added with 3% Quinn's Advantage Human Serum Albumin (HSA) and cultured for 2-3 h at 37°C in controlled atmosphere and humidity and low oxygen tension (6%CO 2 and 5%O 2 ) until ICSI. Briefly, the oocytes were denuded in a HEPES-buffered medium containing 20 IU/μL hyaluronidase (either Irvine Scientific or Quinn's Advantage). ICSI was performed as described previously [18] in the HEPES-buffered medium (either Irvine Scientific or Quinn's Advantage). All the embryos obtained from fertilized oocytes (defined by the presence of two equally sized pronuclei after 16-20 h from insemination) were cultured at 37°C in separate 25-μl single microdrops (either Irvine CSCM or Quinn's Advantage Cleavage and Blastocyst media both added with 5% Quinn's Advantage HSA) up to the blastocyst stage (day 5-7) in a humidified atmosphere containing 5%O 2 and 6%CO 2 . If Quinn's Advantage cleavage media was used, a changeover in day 3 was performed with new 25-μl drops of Quinn's Advantage blastocyst medium. To ensure stable culture conditions and preserve embryo developmental competence, the temperature and gas concentrations in the incubators were daily monitored (as well as the environmental temperature and humidity), and the pH of the culture media was confirmed to fulfill the ideal ranges according to the manufacturers' indications. Either a standard benchtop incubator (MINC) or an undisturbed timelapse one (Embryoscope) was used.
All the blastocysts were categorized in three groups according to the day of full development (day 5, day 6, or day 7), and in four groups according to their morphological quality: excellent (≥ 3AA), good (3, 4, 5, 6, AB, and BA), average (3, 4, 5, 6 BB, AC, and CA), and poor (≤ 3BB), based on the inner cell mass (A = numerous tightly packed cells; B = several and loosely packed cells; C = very few cells) and trophectoderm (A = many cells organized in epithelium; B = several cells organized in loose epithelium; C = few large cells) quality scores (as previously defined in [19, 20] ). All embryos were cultured to the fully expanded blastocyst stage, independently from embryo morphological quality.
In the PGT-A cycles, trophectoderm biopsy was performed only on fully expanded blastocysts as previously described [19] . This approach does not entail any hatching procedure at the cleavage stage, and sequential laser-assisted zona opening and mouth-controlled pipette-assisted trophectoderm fragment retrieval are conducted. The biopsy was performed on all embryos that developed as viable blastocysts, independently from the day of full expansion and their morphological quality. Quantitative polymerase chain reaction (qPCR)-based 24-chromosome aneuploidy testing was conducted according to Treff and colleagues [21] , a method which was internally validated in our laboratory in 2015 [22] . This methodology was designed to specifically identify constitutive whole chromosome but not segmental aneuploidies.
Vitrification was performed for either supernumerary blastocyst after fresh ET or any blastocyst obtained in freeze-all cycles with or without PGT-A. In the latter case, the blastocysts were cryopreserved soon after biopsy. Vitrification and warming were performed according to Cobo and colleagues [23] by using Cryotop devices and solutions (Kitazato BioPharma Co., Japan). Only blastocyst transfers were performed. Soon after warming and until transfer, the blastocyst was placed into the same culture medium used for embryo culture. In PGT-A cycles, only euploid blastocysts were selected for transfer and only frozen ET were performed. Endometrial preparation and transfer procedures were performed as previously described [24] .
Statistical analysis
The a priori sample size analysis (as well as the post hoc power analysis) was conducted through the software G*Power v3.1. Patient, cycle, embryological, and transfer data were prospectively collected in a relational database (Fertilab, Italy). Continuous data are presented as mean with standard deviation and range. Categorical variables are presented as absolute, percentage frequency, and 95% CI. Fisher's exact test or chi-square and t tests were used to assess differences between categorical and continuous variables, respectively. A p value < 0.05 was considered significant. Univariable and multivariable logistic regression analyses were performed to identify the significant predictors of the possibility of an oocyte to develop to the blastocyst stage (e.g., the media used for embryo culture, the maternal age, the sperm factor classified as previously described [25] in normozoospermic, moderate male factor or oligoasthenoteratozoospermic, and the kind of incubator used). The software R was adopted for statistics and logistic regression analyses.
Results
In a 2-year period (September 2013-September 2015), 1486 of the 1720 oocyte retrievals performed were eligible for this study (Fig. 1) . In 10 cycles, no MII oocyte was found, 90 cycles were excluded because of azoospermic male partners, and 40 and 94 cycles since PGT-M or PGT-SR were respectively required. Nine hundred seventy-two and 514 cycles with at least 1 MII oocyte were allocated in the Irvine CSCM or Quinn's Advantage study group, respectively, depending on the day of the week when the retrieval was performed (see Material and methods). The main characteristics of the cycles were similar among the study groups (e.g., the mean maternal age was 38.5 in both arms) ( Table 1 ). In 21.8 and 25.1% of the cycles conducted through Irvine CSCM and Quinn's Advantage media, respectively, embryo culture was carried out in an undisturbed incubation environment, rather than into the standard (Table 1 ; p = NS). Six hundred sixty-four and 309 cycles were respectively addressed to PGT-A (Fig. 1) .
A total of 5841 (mean = 6.0 ± 4.0, range: 1-24) and 3216 (mean = 6.3 ± 4.3, 1-24) MII oocytes were respectively inseminated in Irvine CSCM and Quinn's Advantage study arm (overall: 9057) ( Table 2 ). The overall fertilization rates were 71.9% (n = 4203/5841, mean = 4.3 ± 3.2, 0-19) and 74.4% (n = 2391/3216, mean = 4.7 ± 3.5, 0-19), significantly higher in the latter (p = 0.01) ( Table 2) . Although, the mean fertilization rate per cycle was similar in the two groups (71.0% ± 27.8% vs. 72.7% ± 26.5%; p = NS) ( Table 2 ). This translated into 6.7% (n = 65/972) and 6.4% (n = 33/514) of cycles without fertilized oocytes, respectively (p = NS) ( Table 2 ).
The overall blastocyst rate per MII oocyte was significantly higher (p < 0.01) when embryo culture was conducted through Irvine CSCM instead of Quinn's Advantage (n = 2211/5841, 37.9% vs. n = 1073/3216, 33.4%) (Table 1) . Similarly, the mean blastocyst rate per MII oocyte per cycle was significantly higher (p = 0.01) in the former (38.7% ± 29.7% vs. 34.3% ± 29.4%) ( Table 2) . Specifically, 2211 (mean = 2.3 ± 2.1, 0-13) and 1073 (mean = 2.1 ± 2.1, 0-11) blastocysts were respectively obtained in the two groups, and the rate of cycles without blastocysts was significantly lower (p < 0.01) when embryo culture was conducted through Irvine CSCM (n = 194/972, 20.0% vs. n = 127/514, 24.7%) (Fig. 1, Table 2 ). Interestingly, the blastocysts obtained after embryo culture conducted through Irvine CSCM also showed a better morphological quality (excellent: n = 1262/2211, 57.1% vs. n = 563/1073, 52.5%; p = 0.01) (Supplemental Fig. 1A) , and the embryos were faster in reaching such stage of preimplantation development (day5: n = 1260/2211, 57.0% vs. n = 482/1073, 44.9%; p < 0.01) (Supplemental Fig. 1B ) with respect to the ones cultured through Quinn's Advantage media.
A sub-analysis of the primary outcome was performed based on the incubation system adopted. The results were confirmed for the cycles conducted in a standard incubation environment. Specifically, the rate of cycles without blastocyst produced was significantly lower in the Irvine CSCM group (n = 167/760, 22.0% vs. n = 106/385, 27.5%; p = 0.04), because of a higher blastocyst rate per inseminated MII oocyte (overall: n = 1715/4569, 37.5% vs. n = 771/2403, 32.1%, p < 0.01; mean per cycle: 39.0% ± 30.4% vs. 33.6 ± 30.4, p < 0.01). Conversely, when accounting only cycles conducted in an undisturbed incubation system, the differences in the two study groups did not reach statistical significance (rate of cycles without blastocyst: n = 28/212, 13.2% vs. n = 21/ 129, 16.3%, p = NS; overall blastocyst rate per MII oocyte: n = 496/1272, 39.0% vs. n = 302/813, 37.2%, p = NS; mean blastocyst rate per cycle: 36.6% ± 26.9% vs. 35.1 ± 26.5) (Supplemental Table 1 ).
In 536 (n = 536/664, 80.7%) and 239 PGT-A (n = 239/309, 77.4%; p = NS) cycles conducted through Irvine CSCM and Quinn's Advantage media, respectively, at least 1 blastocyst was produced (Supplemental Table 2 ). The overall euploidy rate in the two study groups was similar if calculated upon the number of biopsied blastocysts (n = 654/1541, 42.4% vs. n = 295/650, 45.4%; p = NS), but significantly higher in the Irvine CSCM group if calculated upon the number of inseminated MII oocytes (n = 654/4232, 15.5% vs. n = 295/2161, 9.2%; p < 0.01) (Supplemental Table 2 ). Instead, the mean euploid blastocyst rate per cycle was similar in the two groups (14.7% ± 20.4% vs. 13.3% ± 19.1%; p = NS), as well as the rate of cycles with at least one euploid blastocyst (n = 330/664, 49.7% vs. n = 155/309, 50.2%; p = NS) (Supplemental Table 2 ).
The logistic regression analyses were conducted upon the possibility of an inseminated MII oocyte to develop to the blastocyst stage (Supplemental Table 3 ). Both maternal age and sperm factor showed a significant negative correlation with this outcome from univariable and multivariable analyses (p < 0.01). The kind of incubation strategy significantly correlated with the possibility of a MII oocyte to develop to the blastocyst stage in favor of the undisturbed culture system (OR = 1.22, 95% CI 1.10-1.36, p < 0.01). Finally, also the use of Irvine CSCM positively correlated with its possibility to develop to the blastocyst stage with respect to Quinn's Advantage media (OR = 1.23, 95% CI 1.12-1.34, p < 0.01).
The clinical outcomes in the two study groups divided per ICSI and ICSI+PGT-A cycles are shown in Table 2 . No significant difference was reported. For instance, the delivery rate per ET was 21.4% (n = 82/384) in Irvine CSCM ICSI group and 23.3% (n = 54/232; p = NS) in Quinn's Advantage ICSI group. Similarly, delivery rate per ET was 40.0% (n = 167/ 418) in Irvine CSCM ICSI+PGT-A group and 39.8% (n = 80/201; p = NS) in Quinn's cleavage-blastocyst ICSI+PGT-A group. The live birth rates per ET of the blastocysts transferred after Irvine CSCM and Quinn's Advantage culture with or without PGT-A were also similar from both the analyses: namely 19.3% (n = 83/430) vs. 19.6% (n = 56/285; p = NS) for untested blastocysts, and 39.3% (n = 168/428) vs. 39.9% (n = 81/203; p = NS) for euploid blastocysts.
Finally, we aimed at assessing the efficacy derived from each culture media used. Nine hundred three cycles conducted through Irvine CSCM out of 972 (92.9%) and 475 cycles conducted through Quinn's Advantage out of 514 (92.4%) were respectively completed by September 2017. The cumulative delivery rate per completed cycle was similar between Irvine CSCM and Quinn's Advantage culture media (27.0%, n = 244/903 vs. 27.2%, n = 129/475; p = NS).
The distribution of the deliveries along the two groups according to gestational age (pre-or full-term) was similar (Supplemental Fig. 2A) . Specifically, the pregnancies lasted on average 38 ± 1 and 38 ± 2 weeks in the Irvine CSCM and Quinn's Advantage study groups, respectively (p = NS) ( Table 2 ; Supplemental Fig. 2B ). The distribution of the Fig. 1 Flowchart of the study. PGT-A, preimplantation genetic testing for aneuploidies; PGT-M, PGT for monogenic diseases; PGT-SR, PGT for structural rearrangements; ET, embryo transfer newborns along the three classes according to birthweight (low, normal, or large) was also similar (Supplemental Fig.  2C) . Specifically, the newborns on average weighed 3247 ± 509 and 3185 ± 631 g in the Irvine CSCM and Quinn's Advantage study groups, respectively (p = NS) ( Table 2 ; Supplemental Fig. 2D ).
Discussion
In this prospective study, we assessed the differences between a single-step media (here Irvine CSCM) and a sequential one (here Quinn's Advantage). We set the main outcomes as embryological from both an oocyte-based and cycle-based perspective, but also monitored clinical outcomes after ET and the birthweight and gestational age after each delivery. Some of the cycles were conducted in an undisturbed time-lapse incubator (ca. 23%), thus providing us with the possibility to perform an interesting sub-analysis of the primary outcome of the study. Furthermore, in most of the cycles with blastocyst(s) produced, PGT-A was conducted to define an euploid chromosomal constitution (ca. 65%). This allowed us to assess the euploidy rate among the two groups, as well as to avoid the bias of aneuploidies upon the investigation of embryo reproductive competence after either single-step or sequential embryo culture.
The sample size analysis conducted upon the primary outcome of the study, namely the blastocyst rate per inseminated MII oocyte, highlighted that we required 8562 MII oocytes (5708 in the Irvine CSCM and 2854 in the Quinn's cleavageblastocyst arm, respectively) from 1427 cycles (951 and 476, respectively) to achieve a 95 and 80% power (α = 0.05) in detecting down to 4% of difference among the study groups from an oocyte-and a cycle-based perspective, respectively. After the first 2 years of this study, the required sample size was outnumbered (9057 MII oocytes included from 1486 cycles), thus providing us with a satisfactory statistical power. To our knowledge, this study involves the largest number of blastulation events analyzed to date in a single trial, which compares continuous and sequential embryo culture.
The quasi-randomization provided an equal distribution of the cycles in the study arms, as attested for instance by the same mean maternal and paternal age (38.5 and 41.4, respectively). Importantly, also the distribution of the cycles according to the sperm factor (normozoospermic, moderate male factor, or oligoasthenoteratozoospermic) was homogenous, thus limiting the potential uneven impact on both fertilization and blastocyst development we reported previously [25] . Nonetheless, the IVF cycles conducted by azoospermic male patients were excluded from this study, and the sperm factor was included as a confounding factor in the logistic regression analysis.
An overall lower fertilization rate per inseminated MII oocyte with Irvine CSCM was observed (71.9 vs. 74.4%; p = 0.01). However, this difference did not result into a higher rate of cycles without fertilized oocytes (6.7 vs. 6.4%; n = NS) and the mean fertilization rate per cycle was similar in the two groups (71.8% ± 27.8% vs. 72.7% ± 26.5%; p = NS). Therefore, we assume that the difference in the fertilization rate per MII oocyte may be due to a cohort effect, namely some sub-population of cycles with either better or worse results among the two study arms. Indeed, to limit this putative cohort effect on all outcomes under investigation, the mean results per cycle have been always reported.
The most important difference between the two embryo culture systems was observed in terms of blastocyst rate per inseminated MII oocyte from both egg-and cycle-based perspectives. Specifically, blastocyst rate per inseminated oocyte was 37.9% with Irvine CSCM and 33.4% with Quinn's Advantage media (p < 0.01), a difference confirmed also in terms of mean blastocyst rate per cycle (38.7% ± 29.7% vs. 34.3% ± 29.4%; p = 0.01). Indeed, the rate of cycles where no blastocysts were produced was significantly lower in the Irvine CSCM group (20.0 vs. 24.7%; p < 0.01). The use of both a standard and an undisturbed incubation in this study allowed us to observe the influence of the two media in different conditions. Interestingly, the culture environment exacerbated the difference between the two study groups. If we are here underpowered to draw conclusions when dealing with the undisturbed incubation system, on the other hand, it is evident Gestational age, mean ± SD (min-max) 38 ± 1 weeks (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) 38 ± 2 weeks (28-41) NS Birthweight, mean ± SD (min-max) 3247 ± 509 g (1600-4700) 3185 ± 631 g (1400-4650) NS
The statistically-significant differences are highlighted in bold PGT-A preimplantation genetic testing for aneuploidies, MII metaphase II, ET embryo transfer, SET single ET, DET double ET, TET triple ET, BPL biochemical pregnancy loss, NS not significant that the negative effect of sequential media increases in standard conditions (post hoc power = 99.5%). This may be due to a lower tolerance of the embryo to environmental and physical stress during the manipulation required for the daily check of morphology conducted in the sequential media. Possibly, the way embryo culture is conducted is more important than the culture strategy itself or than the composition of the chosen culture media in terms of effect upon the embryological outcomes.
In this study, we did not perform any changeover of the culture drop in the continuous embryo culture approach. This may indeed represent a procedural difference with respect to the sequential culture approach. Costa-Borges in 2016 conducted an interesting analysis investigating this issue through a time-lapse-based incubation system [26] . Specifically, in a prospective cohort study on sibling donor oocytes cultured through a continuous approach, the authors reported similar results with or without refresh of the media in terms of embryo morphokinetic, euploidy rates, clinical, and perinatal outcomes. Furthermore, the meta-analysis by Sfontouris and colleagues reported comparable outcomes through single-step media, either with or without refresh in day 3 [12] . Yet, other studies are necessary to clarify the meaning of autocrine and paracrine factors released by the embryo and possibly removed by the refresh of the media.
The univariable and multivariable logistic regression analyses conducted upon the possibility of each MII oocyte to develop to the blastocyst stage highlighted that maternal age, sperm factor, and kind of incubation system and of culture media significantly correlate with the outcome. Of note, the positive effect of an undisturbed culture system upon blastocyst formation was even higher (OR = 1.22; p < 0.01) and the improvement due to the use of Irvine CSCM did not vary (OR = 1.23; p < 0.01) after correction. Continuous embryo culture in a time-lapse undisturbed system seems then the safest strategy. Possibly, by extensively reducing the need for embryo manipulation, it also limits the related environmental fluctuations (in temperature, humidity, gas, and hence pH) and risks for embryo damage or loss [27] [28] [29] . Moreover, costs and time-consuming labor are associated with the daily check of embryo culture and media changeover in day 3, matters which should not be disregarded in the definition of the ideal management of an IVF lab.
Clearly, here we tested only one among the several commercially available media per each embryo culture approach. However, the overall data from the meta-analysis by Sfontouris and colleagues support our results [12] . Moreover, two different commercially available single-step culture media were recently compared in a prospective RCT on sibling oocytes from good prognosis patients [30] . The outcomes, among which also blastocyst formation was accounted, were similar in the two study groups, thus suggesting that the chosen brand of media for embryo culture may be less (or not) relevant in affecting embryos' developmental competence when compared to the chosen approach.
The morphological quality of the blastocysts obtained after Irvine CSCM-based embryo culture was different than after Quinn's Advantage, with a higher rate of excellent and a lower rate of good and average quality groups. Similarly, the embryos were faster in reaching full blastulation with a higher rate of day 5 and lower rate of day 6 and day 7 blastocysts. However, these differences did not involve statistically significant variance in terms of either euploidy rate per blastocyst in the PGT-A cycles conducted or live birth rate, a finding that confirms a previous report from our group [19] .
In the PGT-A cycles, the euploidy rate calculated on a per MII oocyte basis was significantly higher with the single-step media than with the sequential one (15.5 vs. 9.2%; p < 0.01). However, this outcome originates from the difference reported in terms of blastocyst rate. In fact, the euploidy rate per biopsied blastocyst was instead comparable in the two arms of the study (42.2 vs. 45.4%; p = NS). Similarly, Werner and colleagues [15] , in their paired RCT on sibling 2PN zygotes, did not report any difference in terms of euploidy rate per blastocyst obtained. However, the blastocyst rate per 2PN in their dataset was higher with the sequential culture approach, an evidence in counter-tendency to ours. The main differences between their study and ours are (i) the use of the same culture media for oocyte retrieval, denudation, ICSI, and the first day of culture in the two groups; (ii) the use of two different brands of sequential media; and (iii) the use of a trophectoderm biopsy strategy entailing hatching in day 3 of preimplantation development. All aspects that may have contributed to the different outcome between the studies, and therefore deserve further investigation.
The embryo reproductive competence, namely live birth rate per transferred embryo, was similar in the two study groups among both untested and euploid blastocysts. Similarly, the delivery rate per ET did not vary in the two arms of the study among both ICSI and ICSI+PGT-A cycles. Nonetheless, even if the use of a single-step culture media involved a higher blastocyst rate, the cumulative delivery rate per completed cycle was also similar in the two groups. Possibly the reason is that this last analysis considers only the first delivery obtained per cycle. Hypothetically, increased blastocyst formation rate should translate into a higher number of deliveries and/or of babies born starting from the same cohort of oocytes. However, our study is underpowered to test this hypothesis, which should also involve sub-analyses targeted to specific patient populations.
Since the putative dissimilar effect on the perinatal outcomes after IVF due to different culture media compositions is a yet debated issue in literature, we included 1 year of pregnancy follow-up. Here, we observed similar birthweight with either the continuous or sequential culture approach (n = 388 newborns overall). Our results are in line with the data by Carrasco and colleagues [31] (n = 621 newborns) and De Vos and colleagues [32] (n = 2098 newborns) that reported no difference in the birthweight after IVF ascribable to the culture media adopted. Conversely, Dumoulin and colleagues [33] , for instance, found different birthweights in 188 newborns from the comparison of two culture media. An outcome confirmed on 265 babies in a follow-up study of the first 2 years of life after delivery [34] . Similarly, a multicenter RCT resulting in 380 newborns also highlighted a difference in the birthweight according to the media used. However, caution is required towards these data, since the perinatal outcomes are related only to the population of patients who conceived in the two groups. Some confounding factors may indeed have contributed to the variance observed, especially if significantly different results are reported in terms of delivery rate upstream. In general, the birthweights reported should be then considered observational and no longer resulting from the randomization. To conclude, to date, the definition of the effect of culture media on neonatal outcomes due to either different approaches or different brands is still an open task. Future investigations upon this topic have been also recently encouraged by a panel of experts, especially concerned with the culture compositions and their putative consequences upon the phenotype and long-term health of the IVF offspring [35] .
Conclusion
This prospective study highlighted that single-step media (Irvine CSCM) provides a higher possibility for an inseminated oocyte to develop to the blastocyst stage during ICSI cycles when compared to sequential media (Quinn's advantage), especially in a standard incubation environment, from both an oocyte-based and a cycle-based perspective. However, the reproductive competence of the obtained blastocysts, as well as their related obstetrical and perinatal outcomes, was comparable. Indeed, overall, there was no impact on the delivery of at least one live birth, deriving from the use of any of the two approaches for embryo culture. Possibly, future large multicenter studies on targeted patient populations may highlight differences in terms of overall number of deliveries among the two culture systems. However, such studies are yet missing and therefore eagerly needed.
